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INTRODUCTION

The long range objectives of this research are to identify and correlate
important properties of the heat transfer process that can be used to optimize the
heat sink capabilities of evaporating thin films. [Initially, we proposed to emphasize
the "Interline Heat Flow Parameter". Using the results of our theoretical research we
now plan to enhance this objective and include the evaluation of the "Capillary
Pumping Parameter” for completeness. The interline heat flow parameter is
important in ultra-thin films where the liquid-solid interfacial force field

predominates, whereas the capillary pumping parameter is important in thicker films.

0 (y/\h)83K' AAh |§

3o f - (1)

v v Jo

where
2nA is the Hamaker constant,
o 1s the thickness of the liquid film,
Ah is the heat of vaporization,
y is the surface tension,

K' is the curvature gradient,

v is the kinematic viscosity,

yAh . :
is the capillary pumping parameter,

AAh

is the interline heat flow parameter,

with K' and &' evaluated at d(x).

Therefore, the experimentally measured film thickness profile can be used to

calculate the integral heat sink.




There are two main aspects of the program: experimental and theoretical. We
will discuss the experimental portion first by outlining significant decisions and
accomplishments that have occurred during the first 16 months. This will be followed

by a discussion of the theoretical accomplishments.

EXPERIMENTAL: GENERAL

The major experimental task completed during this period was the design and
fabrication of a heat transter cell for studying thin film heat transfer and fluid flow in
the contact line region. A considerable amount of effort was directed at designing and
testing a new capillary teeder tor the heat transter cell.  This concept was tested with
various flow geometries aund it was found that a circular capillary feeder works best
in terms of tlow symmetry, absence of "edge effects”, cfficient sealing, and
symmetrical temperature and heat flux profiles.  We have decided to evaluate the
integral evaporation rate in the contact line region by measuring the total fluid flow
rate from the capillary feeder and evaluating this in light of the measured thickness
profile using Eq. (1). This eliminates recondensation uncertainty. Fig. 1 is a schematic
view ot the circular capillary feeder without its enclosure. A photograph of the

complete cell is given in Fig. 2.

Both the ultra thin (8 < 20 nm) and the thin film (6 > 20 nm) regions of an
evaporating liquid tilm on a standard surface (bare Si wafer) can be studied using two
different optical techniques, ellipsometry and interferometry. The advantage of this
particular cell is its flexibility - both the ellipsometer and the high power
interferometer can be used separately or, for some magnifications, simultaneously

and specific design features allow high heat flux studies.

The cell is basically a miniature capillary feeder, the liquid spreads towards the
hot spot, gets evaporated and iy replenished from the upstream source by the action
of capillary suction and disjoining pressure. The cell has the provision of feeding
liquid from outside and the feeding rate will be monitored to evaluate the integral

coaporation rate for o particular power input.  The heat source s a circular Phitinam

o




heater located at the center of the substrate. The temperature profile will be
measured by using small thermocouples attached at the back of the substrate. We
have decided to use thermocouples instead of Silicon Carbide thermistor arrays
because a current doctoral thesis in our program by E. Kiewra demonstrated that
there is virtually no difference in the temperature data collected by these two
different methods. Therefore, the added complexity associated with the thermistors

is not rewarded by improved understanding.

Another crucial factor in determining the stability and equilibrium
configuration of the liquid meniscus on the Silicon surface is the cleanliness and liquid
purity. The cleaning and the liquid purification procedures will be discussed in the
next section. An important feature of this cell is that it can be evacuated to a high
vacuum. This will reduce the water vapor (which, if present with organic test fluids,

can affect the interfacial force field) adsorbed on the inner surface of the cell walls.
EXPERIMENTAL: DESCRIPTION OF THE CELL

The substrate of the cell is a single crystal Silicon wafer 7.6 x 10-2 m in
diameter and about 4 x 10-4 m thick. The Silicon substrate has a high degree of
surface uniformity, high reflectivity and its optical and physical properties are well
known. In the future it will be possible to use micromachining techniques on the
Silicon wafer to make micro-grooves to increase the contact line length and thercby
enhance the heat transfer process. The heat source is a circular shaped heater at the
center of the wafer made by painting and baking a Platinum compound at the
backside of the wafer. Chromel-Alumel (type K) thermocouples are attached along

the centerline on the backside of the substrate.

Fig. 2 shows a photograph of the cell. The cell consists of three parts. The top
part is a hollow prism milled from a solid Aluminum block. The two sides are at an
angle of 70° with the horizontal. This is the optimum angle of incidence for
ellipsometric measurements. Each side contains two viewing ports - supplied vy MDC

Vacuum Corporation, made of 7056 glass and they are bakeable to relieve residual




stresses.  The viewpoints are mounted on three inches long nipples to keep them
away from the evaporation areas and thereby minimizing condensation on them. The
top contains another viewpoint for viewing the liquid level in the active areas so that
the evaporation rate can be determined while the process is going on. It also has a
connection for a vacuum line, Nitrogen supply and a feeding system. The second part
is an adjustable hollow cylinder which fits the hole in the top portion of the prism
with matching threads. During interferometric studies this part can reach very close
to the substrate surface. The microscope objective goes into the cylinder. The
objective is separated from the inside atmosphere by a heated glass plate. To allow
unobstructed laser light to enter during the ellipsometric studies this assembly can be
lifted using the threads. This feature enables the use of both the ellipsometer and the
high power microscope for interferometry. The third part consists of an Aluminum
plate which is carefully machined to form the capillary groove. The groove holds and
feeds liquid to the circular meniscus. The Silicon plate rests in between the
Aluminum plate and a Teflon plate - sccured in place tightly by a Teflon-coated O-
ring and a set of 12 screws. Beneuth the Tetlon plate is a thick Aluminum base plate
which holds the top prism and the inside parts. A hole runs between this plate and
the Teflon plate to reach the Silicon wafer to allow easy passage of thermocouple and
heat source wires. The cnd of the hole has the provision for a screwed in cap which is
kept closed during vacuum operation for cleaning. The vacuum line and the Nitrogen
line are connected to the cell by a three way valve. During vacuum operation the
Nitrogen line is kept closed. Subsequently, we clese the vacuum line and the Nitrogen
valve is opened slowly to feed extra-dry grade Nitrogen inside the cell for operation
at a positive gauge pressure.  The positive gauge pressure minimizes the diffusion of

impurities into the cell.

EXPERIMENTAL: CLEANING

Cleaning of the cell assembly and particularly the Silicon wafer is very critical to
obtaining rehiable experimental data.  The Silicon substrate is very sensitive to its

cleaning procedure and the equilibrium film thickness is a function of ils cleaning




history. For our purpose the term "cleanliness” is defined as the minimization of any
dust particles on the Silicon surface or cell surroundings, a well characterized Silicon
surface (presence of oxide, absence of any organic layers etc.) and the absence of
anything which may contaminate the liquid. We will use a standard cleaning
procedure before each and every experiment so that the substrate properties will
remain constant.  We are also evaluating ditferent cleaning processes and a liquid

purification system which will be discussed later.

We will describe our standard cleaning process first. The Cell is first rinsed well
with DI water, then immersed in pure Ethanol and put in an ultrasonic bath for about
half an hour. It is then blow dried inside a class-100 clean hood, rinsed with the test
fluid and dried in an oven at 150°C. The substrate is dipped into dilute Hydrofluoric
acid to remove any built up oxide, rinsed with DI water, test tluid and then blow
dried inside a class-100 hood using pure and dry Nitrogen. One point to note here is
that Silicon always has a native oxide of about 30 A thickness. Once the cell parts and
substrate are dry they are assembled and mounted on the scanning stage. An
appropriate amount of test fluid is then introduced through the feed port to form the
meniscus.  The system is left to equilibrate with the surrounding for at least hall 4
day before taking any measurements. At this point the Hamaker constant can be

measured to characterize the surface.

The cell can be evacuated to a high vacuum by bringing the cell pressure down
to 50 milli-torr.  Pulling a high vacuum inside the cell and then breaking the vacuum
using dry Nitrogen may prove to be an improvement over the above described

cleaning process. This possibility will be explored at a later stage.
EXPERIMENTAL: COMPLEMENTARY CLEANING STUDIES

To investigate the effects of cleanliness and in the process define the term itselt
more precisely, we designed a simpler glass cell which can be cleaned more
thoroughly and which allows the effect of different cleaning steps to be monitored

and controlled.  The quartz glass cell was constructed with a ground glass joint at one




end, so that a dessicant section can be attached to preferentially adsorb the water
vapor. The need for windows and O-rings was eliminated so that the simple glass cell
can be easily cleaned and baked. A liquid purification and filtration column can also
be attached for feeding purified, filtered liquid into the cell. The liquid can be
puritied by passing it through a column of silica-gel and alumina 1o remove the
aqueous and polar impurities and then through a membrane filter with a pore size of

0.2 uym.

Briefly the following cleaning procedure will be evaluated: All glass par:s
including the cell, dessicant, feed and purification sections will be rinsed in an
ultrasonic chamber with soap solution followed by repeated rinsing with purified
distilled water.  They will be dried in a stream of pure filtered Nitrogen. rinsed with
pure filtered fluid, dried and then baked at 250°C for 1| hr. The wafer will be treated
with dilute HF (1:100) and then rinsed with deionized water, dried with Nitrogen,
rinsed with pure filtered liquid. dried and then baked with the cell. The dessicant
section will be attached during the baking. The cell will then be cooled with the
dessicant section still attached. Then the cell will be irradiated bv short wavelength
UV light (184 nm and 257 nm) to clcan the Silicon surface of adsorbed organic
impurities.  This treatment is presumed to leave behind a clean, oxidized surface.
Purified, filtered liquid can now be introduced inte the cell.  The importance and
eifect of various cleaning variables wiil be irvestigated. Further cleaning procedures
like creating an inert atmosphere or vacuum in the cell are also under consideration.

All these cleaning steps will be performed in a controlled dust free atmosphere.
EXPE

In this section we describe how we measure the different quantities in Eq. (1),
namely 8(x), A experimentally. The film thickness profiles of the liquid on the
substrate are measured using interferometry and/or ellipsometry. Both of these two
methods are well established (J.G. Truong and P.C. Wayner, Jr.. J. Chem. Phys..817. pp.

4180-4188, 1987), so a detailed discussion is not included herein. We have

successfully tested the pertormance of our cell with these two optical techniques. &(x)




1> measured as a function of power input and fluid propertics. A can be determined
by analyzing the ultra-thin film section under isothermal condition.  Together they
allow us to calculate the integral heat sink. Q. for the region o(x) > 0 (from Eg. (1)), An
independent measurement of Q for the total meniscus region is obtained by
measuring the total amount of fluid evaporated over a given period of time.  These

two sets of data will be analyzed in light ot each other.

The temperature profiles will be obtained using the thermocouples artached to

. . A Ah vAh
the bottom of the substrate.  The antertine heat flow parameter. - Land = will also
\l \V

be evaluated and their effect on fluid flow and heat transter in the contact line region
studied.  From the film thickness profile we can determine the evaporative mass tlux

leaving the surface.
Al E l Al

One of the major theoretical results to date i1s Eq. (37) in Appendix A entitled
"The Effect of Interfacial Mass Transport on Flow in Thin Liquid Films".  The equation
includes the combined effects ot capillarity (theretore. the capilfary pumping
parameter), disjoining pressure (theretore, the interline heat flow parameter), gravity
and temperature on flutd flow and heat transter in the contact line region.  Since both
the interline heat tlow parameter and the capillary pumping parameter are present in
this equation their complementary effects can be evaluated.  When the right hand
side and the left hand side of Eq. (37) are not equal, the terms in the equation can be
used with Eq. (1) in the same paper to analyze the transient case.  Therefore we have
been able to formulate a comprehensive equation for general use. A paper detiling
numerical results based on a simpler version of Eq. (37) (i.e.. a horizontal film in
which gravitational effects are neglected) is being proposced rtor presentation at the
9th International Heat Transfer Conference.  Appendix B is o paper entitted "Heat
Transfer and Fluid Flow in an Evaporating Extended Meniscus™. A note based on only
the disjoining pressure portion of this cquation entitled "A Dimensionless Number for

the Contact Line Heat Sink™ was published by the ASME Journal of Hear Transfer (Vol.




111, 813-814, 1989).  Finally, we note that since the theoretical analysis includes
gravity and film tension (along with surface tension) the results are very

comprehensive.

Further use of this equation will. of course, be directed at evaluating the results

of our experimental program.

1) Wayner, P.C., Jr., "The Lftect of Intertucial Mass Transport on Flow in Thin
Liquid Films", presented at the International Symposium on Thin Solid and Liquid
Films. University of Bristol, England. 11-13 September 1989. Preliminary copy

attached; to be published in Colloids and Surfaces.

2) Wayner, Jr., P.C., Jr. and J. Schonberg, "Heat Transter and Fluid Flow in an
Extended Meniscus.” to be presented at the 9th International Heat Transfer

Conterence, Israel. August 1990.  Preliminary copy attached.

3) Wayner, P.C.. Jr., "A Dimensionless Number tor Heat Transfer in the Contact Line

Region” ASME /. of Heat Transfer, Vol. 111, 1989, pp. 813-814.

4y Sujanani. M. and P.C. Wayner, Jr., "Spreading at the Solid-Liquid-Vapor

'

Interline.” paper presented at the 10th Symposium on Thermophysical Properties,
National Bureau of Standards. Gaithersburg, MD, June 20-23, 1988. (This presentation
was concerned with the characterization of the substrate surface and simple fluid

flow models.)
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APPENDIX A

THE EFFECT OF INTERFACIAL MASS TRANSPORT ON FLOW IN THIN LIQUID FIAS
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For "Thin Film - Special Issue"” of Colloids and Surfaces. Paper presented at
International Symposium on Thin Solid and Liquid Films
University of Bristol, Bristol, England
11-13 September, 1989
(Revised 2/1990)

THE EFFECT OF INTERFACIAL MASS TRANSPORT ON FLOW IN THIN LIQUID FILLMS

Peter C. Wayner, Jr.
Department of Chemical Engineering
Kensselaer Polytechnic Institute
Troy, NY 12180-3590, USA

The equilibrium thermodynamics and the dynamics of flow in an extended meniscus
that includes both the relatively thick film region controlled by capillarity and the ulira-
thin film region controlled by the liquid-solid-vapor interfacial force field are analyzed.
The effects of capillarity, disjoining pressure, gravity and temperature on equilibrium.
fluid flow and mass transfer associated with the liquid film are discussed. The non-
equilibrium processes of change-of-phase heat transfer and fluid flow in stationary and
in spreading thin films are intrinsically connected because of their common dependence
on the intermolecular force field and gravity. Criteria to determine the relative
importance of fluid flow and interfacial mass transfer based on the film profile and the
thermophysical properties of the system are developed. An evaporation/condensation
mechanism is found to be important in contact line motion.




dinf dv a5 dT 9

"= RTsan ~ RTan e
Derjaguin and Zorin [5] essentially used Eq. (9) to study adsorption on a superhcated
solid surface placed close to but slightly above a pool of liquid. Using Eq. (9) with dlnt =
0 and Eq. (7) for dyf gives

drt = (sy - spdT (10)

Integration of Eq. (10) over a small temperature change (Ty, IT = 0; Ty, IT) during which
(s¢ - 8) is approximately constant leads to

M= (sy -s)) (Tyy - TV) (t1)

Using TT = -A/6n83 for film thicknesses less than 20 nm and (sy - s;) = Ah/T;, where Tj =
(T + Ty)/2,

- AT |
I AL LRV 5
8 = (n(Tyv - Tv)aR (12)

L. (12) can be used to calculate the thickness of an adsorbed layer of liquid on a
superheated, (Tyy - Ty), solid surface from the value of the heat of vaporization of the
liquid film, Ah, and the Hamaker constant, A. Conversely, the Hamaker constant can be

obtained by measuring, 3(T)v, Ty).

For small changes in the fugacity in a range where the fugacity can be replaced by
the vapor pressure, Eqgs. (7 and 9) give on integration with
(Any-l = -V,

V[P, P,VAh
RTjy © RTETy

Py - Py = - (T - Tv) (13)

In this equation, Py is a reference vapor pressure of a thick, flat, liquid filin,

[1 — 0, with a surface temperature T;y = Ty and Ah is the ideal heat of vaporization ot the
ltim.  Equation (13) can be modified to include curvature at the liquid vapor interface by
replacing 1 by 1T + 64K in which K is the curvature and ojy is the surface tension of the
liquid-vapor interface:

V /Py PyVAh

P[v - Pv = - RT[V (n + ovi) +RTIVTV

(Tw - Ty) (14)

iquation (14) also represents the change in equilibrium vapor pressure relative 10 the
pool surface of the extended meniscus presented in Figure (1) for a change in
temperature of (Ty - Ty) and hydrostatic pressure equal to p,gx = (I + oK), This s

A-6




approximate since buoyancy has been neglected. An integration in the vapor space al
constant T, gives for small changes in the vapor pressure

MgPyx

Pyx - Py = - RTV (15)

Combining Eqs. (14 and 15) with Pyx = P;y gives for the equilibrium case

VP, MgP, P.VAh _ _
PIV - pVX - - RT[V (n + 6IVl() + RTV X + RT[VTV (TIV - TV) - 0 (l())

I'or Tyy = Ty, this reduces to the identity
Vil + oK) = Vipgx = (Mgx); = (Mgx)y (17)

It Pyx # Piv, Eq. (16) can be used along with kinetic theory to calculate the rate of
evaporation from (or condensation on) a curved thin film as demonstrated in the next
section.

Interfacial _mass flux.

In 1953 Schrage [17] reviewed the literature, presented and discussed the
following equation based on kinetic theory relating the net mass flux of matter crossing
a liquid-vapor interface to a jump change in interfacial conditions at the interfuce:

. M lv Py
= —1/2 -3
m G (27tR (Tlléz TVZ) (18)

Herein, we presume that the net mass flux crossing the interface (e.g., evaporation)
results from a small vapor pressure drop across an imaginary plane at the interface in
which Py, is the quasi-equilibrium vapor pressure of the liquid film at (T, K, M. ) and
P.x is the equilibrium vapor pressure of a reference bulk liquid (K = 0, IT = 0, x)at
temperature Ty. Neglecting resistances in the bulk vapor space, Pyx and T, can exist at a
short distance from the interface, and a resistance to evaporation at the interface can be
detined using Eq. (18). Using Tll/v2 = T2 this can be rewritten as

v ,

. M
= e —1/2 -
m Ci (ZRRTi) (Piv - Pyx) (19

Wayner, et al. {11] used an extended Clapeyron equation for the variation of equilibrium
vapor pressure with temperature and disjoining pressure in a horizontal thin film to obtain
[iq. (20) for the vapor pressure difference in Eq. (19).

PyMAhnp V,P
Pi-Pvo = Rror,, (v T+Rr, Pr-PY) (20)

A-7




We note that, when interfacial effects are iraportant, the effective pressure in the liquid,
P;, is not necessarily equal to the pressure in the vapor or to its normal vapor pressure.
IF'or example, the equilibrium vapor pressure of a small droplet is not the same as that of
a flat pool of bulk liquid at the same temperature, and the pressure inside the droplet is
ereater than the surrounding pressure because of surface tension. The concept of
pressure is further clouded by the concept of internal pressure due to cohesion which s
extended in thin films to include adhesion. Therefore, Pyv is used to designate the
cquilibrium vapor pressure of an interface at Tjy changed by interfacial forces and (P
P.) designates the pressure change in the liquid due to interfacial forces. For example.
the above equation can be used to calculate the required subcooling needed to achieve
equilibrium between a curved interface (droplet) and a flat interface when the vapor
pressure is changed by surface tension.

Combining Eqgs. (19 & 16) gives for the non-equilibrium case

. M PyMAhn Vv /P MgP,
m = C] (ZRRT) { RT T (TIV - T\’) - RT (n +01VK) + RTV ‘)} (21)

which can be used to calculate the interfacial mass flux.

Herein, there are two interfacial effects that can cause an effective pressure jump
the liquid-vapor interface: capillarity, oK, and disjoining pressure, IT. The significance
of the disjoining pressure herein is that the vapor pressure of an adsorbed completely
wetting liquid film is reduced by interfacial forces and therefore a superheated adsorbed
liquid film can exist in ( vapor pressure) equilibrium with a bulk liquid at a lower
temperature.  For convenience, we will emphasize spreading (zero contact angle) fluids
and will use the following sign convention

P[‘I)v = 'leK'n (22)

The approximation, n = 3, in Eq. (23) restricts its use to thicknesses & f 20 nm. llowever.

in the numerical examples presented below this is acceptable because either § < 20 nm

or 11 = 0. The equations can be easily modified for general use and/or for other cases. It
is useful to make the mass flux dimensionless using an ideal mass flux based on lhc
temperature change only:

M P.MAhnm
d = ;
. m VT )
= = 1- — - 25
M= =0 = 1 Mangar @WK+ TT=pgx) (25)

A-8




with AT = (Tiy - Ty). Taking M=0,n=3,B= A = A/6r, K = 0 in Eq. (25), Eq. (12) for the
thickness of a flat adsorbed liquid film, 8o, on a superheated surface with AT, = (Tyv - Tyv)
can be recovered.

Restricting the following material to a constant interfacial temperature difference, A1, =

(T)y - Ty), and defining a reference disjoining pressure, I1, = - A/SS, Eq. (25) becomes

M = 1-(c, K+0N-pgx)0, (26)

A constant temperature difference simplifies the analysis and should not alter the
significance of the results. It is useful to keep in mind that I, could be replaced by the
equivalent temperature difference using Eq. (12).

Using n =8/80 and & = x/x, the curvature, K, for small interfacial slopes, can be written as

— 8" 5!! — .8__0_ dﬁl
TIL+89213/2 7 7 7 <2 ag?

K (27)

Defining the parameter 3 Nc¢ = GIVSO/HOX(% with Mg = 0311 and pygx = MeX gives

.

M= 1-3Nem" -3+ X (28)

With dimensionless terms the prime refers to differentiation with respect 1o &, otherwise
x. o L. (28) gives the change in the dimensionless evaporation rate resulting trom the
effects of gravity and interfacial forces on the vapor pressure. Using aAT, = mAhy, . this
can also be written as a dimensionless liquid-vapor interfacial heat transfer coefficient:

o . 3
&;5 = | -3Nen"-n + X (29)

Therefore, an interfacial heat transfer coefficient can be obtained from first principles.
In [11] only the changes due to disjoining pressure and temperature were analyzed.
Considerable insight can be obtained from Eq. (28). We find that at the leading edge of
an evaporating horizontal (X = 0, due to g = 0) flat (n" = 0) thin film, n = 1, the
evaporation rate can be zero even through the superheat can be substantial. This
condition is required to define a stationary interline for an evaporating thin liquid film
with varying thickness which has an equilibrium contact angle equal to zero.  The
interline has been defined as the location of the junction of an evaporating thin film and
a non-evaporating adsorbed film [11]. However, when the dimensionless film thickness
isn =46 (X =0,n" = 0), the evaporation rate will be 99% of its substantial ideal value.
When n < 1, condensation occurs. These equations allow the interfacial forces and
thermal effects to be compared and combined, and have many uses in evaporating,
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condensing and/or equilibrium systems.. For curvature to have the same effect, use of
Egs. (12 and 26) with T1 = 0 and g = 0 gives

K. o AhaT, (30)
° - SpyTv ‘

Using Eq. (12) and Ti, = p,gx, the following equivalents are obtained for octane on SiO> at
298.16K with A/6r = -3.18 x 10-22 J.

ATe, K Ko, m-1 My, N/m2 80, Nm X, m
0.1 3.94 x 106 8.49 x 104 1.55 12.4

This demonstrates that the decrease in film thickness associated with a AT = 0.1 K is
equilvalent to the pressure difference associated with a static liquid head of 12.4 m.

This is a pressure drop available for fluid flow.

[Fluid _Mechanics.

Fluid flow in a curved thin film is also controlled by the "pressure” gradient. Using
the definitions for n, &, X0, [T and the small slope assumption given above leads to

d n w N X
ax OK + M= pign) = S22 (Nea™ -2 - 3) (31)

Using the lubrication approximation while neglecting surface shear stress, the mass flow
rate per unit width in a liquid film can be approximated by

_ 8 d
I = -3 dx (Prtpsx (32)

Using Egs. (22, 31 and 32) while assuming py << p; gives

33, . n X
Y (Nen e 3) (33)

and the following equation for the dimensionless mass flow rates in the film

- Txev n X
r = - N 3 w2 L m— 34
Sgno e n 3 (34)
DISCUSSION

Using Eq. (35) for a steady state, stationary thin film with phase change

dr .
dx = °m (35)




and Eq. (36) with Eq. (28) gives Eq. (37)

dr _omxev o |
= . = - (36)
dg A

in which x2 = -A/v mid

[} 3x'
(n._‘r_]_ +n3 _Ncn3nm)v= 1 _BNCn"_n-3+X (37)

Using four bondary conditions, Eq. (37) can be numerically solved to determine the heut
transfer characteristics of a stationary, steady state, thin film. When the right-hand side
and the left-hand side of Eq. (37) are not equal, the above material can be used with g
(1) to analyze the transient case.

1 An evaluation of Eq. (21) demonstrates that, in an isothermal horizontal ultra-thin
film, evaporation or condensation occurs unless (IT + 6;yK) = 0. Using simple models. this
case without phase change has been previously discussed for the leading edge of a film
(N > 0, K < 0) by deGennes and Joanny [18] and for the partial wetting case (1 <, K > ()
by Wayner [19]. The results demonstrate that the interface becomes planar very
rapidly.

For motion to occur in an isothermal, ultra-thin, horizontal film, Eq. (32)
demonstrates that (IT + o;wK) # 0. This indicates that fluid flow due to interfacial torces
in an "isothermal" thin film must be associated with change-of-phase heat transter (.
(21)). Therefore, at the leading edge of a spreading ultra-thin film a small temperature
gradient due to change-of-phase heat transfer is present. However, this would be
extremely small with low volatile fluids. In general the temperature gradient would not
cffect the above analysis unless a relatively large gradient was applied.

RELATIVE IMPORTANCE OF INTERFACIAL MASS FLUX TO LIQUID FLOW RATE GRADIENT
Draining Vertical Thin Film

Neglecting curvature and curvature gradient terms as compared to gravity
for the case of a relatively thick (IT = 0), isothermal (AT = 0) draining film, the ratio ol Iy

(21) to the derivative of Eq. (32) leads to

m -EV/Pyx

' = RT.625 (38)
in which
E = C (‘—'M_")]/2 (39)

2nRT;




For § = 106 m, x = 10-2 m with octane at 298 K (Py = 14 mmHg, Ev = 4 x 10-9 m). we find

m 4.8 (10-3)

;o 5 (40)
Recent studies of draining liquid films of octane found that 8' = 6 x 10-3 at x = 102 m
when 8 = 1006 m [20]. Therefore, both evaporation and liquid flow would etfect the rate
of decrease of film thickness for these conditions. In these studies, the films were
observed to drain faster than that anticipated due to gravitational forces only.
Additional interfacial effects due to (o, K)' were also probably preseat.  Further, this
ratio and those discussed below do not include the resistance to diffusion in the vapor
space.

Spreading Hori

For the case of a horizontal (g=0) isothermal (AT = 0), spreading (Il = -A/6%),
slightly tapered ultra-thin film, Eqgs. (21, 22, and 32) with IT >> oK and (oK) = 0 gives
m EV/Pyv
T e " ' (41)
I RT8188" - (8)2]
For octane at 298 K with 8 = 10°9 m, §' ~10-6, 8" ~10-3 m-!, [83" - (§")2] is of the order 10
12 and

4.9 x10-13
~ (10-%) (10-12)

m
~ ~ 0(108) (42)

r

It appears that contact line motion is primarily due to an evaporation/

condensation mechanism for these conditions. Once a change of phase occurs,

AT # 0, and the value of the ratio in Eq. (42) would decrease. However, this would not
affect the basic conclusion. Although an additional resistance due to diffusion would be
present with a non-condensing second component in the vapor, the diffusion path length
can be extremely small. We note that Hardy and Doubleday found that primary film
spreading was a function of molecular weight and vapor pressure when the fluids had a
sensible vapor presure [2].

Conta in in

Using T = pdV to define an average velocity in the film, Eq. (32) and the
above assumptions (g = 0, K = 0) lead to

As

= 3




Using the value §' = -10-6 obtained above with A = -3.18 x 10-22 J (octane - SiO2), u =
5.16 x 104 N-s/m2 and & = 10-9 m in Eq. (43) gives V = 6.1 x 10-7 m/s for perspective.

Assuming that all the liquid which flows through a plane perpendicular to the
substrate at a given location evaporates in the thinner portion of a steady state,
stationary film with AT > 0, a contact line heat sink can be defined as

Ad'Ahm

Q = M\hy = 5

(44)

Therefore, it is possible to obtain the contact line heat sink knowing the thermophysical
properties, the maximum thickness of the region and the slope at this thickness. The
slope is a measure of the departure from equilibrium leading to fluid flow; the
temperature difference and reference condition indicate whether or not phase change
occurs.

Spreading Hori 1 _Film (Incompl Wettin

The following simple model has been used to describe the contact line region
of an equilibrium liquid film with a finite contact angle [19].

NO+onK =0 (45)

In this case T < 0 and K > 0, or we might say that the disjoining pressure increases the
vapor pressure and the curvature decreases the vapor pressure. Since fluid motion in
the liquid film would result from an increase in the curvature gradient, this curvatuie
change would also lead to condensation and a change in the apparent contact angle.  1he
processes can be separated only by degree of importance.

CONCLUSION

The physical phenomena associated with spreading have been extensively
addressed using various models for low vapor pressure fluids (e.g., see the reviews by
deGennes [21], Cazabat [22], and Neogi and Miller [9]). They range from the rolling
motion observed by Dussan and Davis [23] to the surface diffusion model discussed by
Ruckenstein and Dunn (24]. As demonstrated above, change of phase heat transfer is
also important for many conditions. Bascom, et al. {6] citing deBoer [25] noted that
surface diffusion can be energetically more favorable than evaporation. Indeed. deBocer
[25]) discussed this situation for the case of a two-dimensional gas. He also noted that
lateral migration would be restricted when two-dimensional condensation occurred.
Additional research on spreading as a function of film thickness is warranted. In
general, the non-equilibrium processes of fluid flow and change of phase heat transter
are intrinsically connected because of their common dependence on the intermolecular
force field and gravity. The relative importance of the various mechanisms depend on
the physical properties of ultra-thin films and how they are effected by pressure, (i.c..
cohesion, adhesion, thickness, curvature) and temperature.
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NOMENCLATURE

R T My >

I

]

Hamaker constant (6tA)
condensation coefficient

fugacity

acceleration due to gravity
enthalpy/ volume, heat transfer coefficient
curvature

molecular weight

interfacial mass flux

molar density

pressure

gas constant

entropy/volume

temperature

time

molar volume

dimensionless position

interfacial heat transfer coefficient

difference

= film thickness
= mass flow rate / width
= film tension

dimensionless thickness

chemical potential/mole, dynamic viscosity
kinematic viscosity

disjoining pressure

density

interfacial tension

dimensionless position

subscripts

o3

il

i

]

includes gravity
average value

liquid

liquid-vapor interface
unit mass

tangential

vapor

at x

superscripts

id

ideal
derivatives
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HEAT TRANSFER AND FLUID FLOW
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EVAPORATING EXTENDED MENISCUS
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Engincering
Institute
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The ralec of evaporation from a stcady extended
meniscus formed between the exils of two facing slot
fceders is analyzed. The mcniscus is symmetric about
the ccnterplane. The physicochemical phenomena
associated with cohesion and adhesion at interfaces
arc used to formulatc transport equations unique (o
cvaporating thin films which arc then numerically
solved for two types of menisci. Onc type involves an
adsorbed thin film dominated by disjoining pressure
clfects, a thicker portion dominated by capillary
clfects and a transition region between. The second
typc has no thin film portion: the transition region
straddles the planc of symmetry. In a sample
calculation the heat flux is found to be roughly nine
limes higher for the latter type of meniscus. For the
conditions studied, we find that a smaller value of the
Hamaker constant (weaker adsorption) leads to an
increase in the relative importance of capillarity and
10 a higher cvaporation rate.

1. INTRODUCTION -

Fluid flow and evaporation in an cxtended
nmcniscus that includes both a rclatively thick region
controlled by capillarity and an ultra-thin region
controlled by the liquid-solid-vapor interfacial force
ficld (disjoining pressure) is of importance to many
hecat transfer processes. When the film thickness is

less than 107 m, long range intermolecular forces

start to affcct the pressure distribution in the liquid
and its vapor pressure. For fluids that completely wet
the substrate, these cffects are, of course, cxtremcly

small for thicknesses of the order of ]0'7 m. However,
thcy bccome the predominant effect as the film
hecomes ultra-thin.  Hercin, we evaluate these
complementary cffects.

Dcrjaguin ct al.  (c.g.1957, 1965) laid the
foundation for the study of the mechanics and
thermodynamics of ultra-thin films when they
mcasured the thickness of an adsorbed liquid film on
a superhcated substrate, discussed the flow of an
cvaporating ultra-thin film in a capillary and defined
the disjoining pressure to account for the modificd
force field in the liquid. Potash and Wayner (1972)
used these concepts to describe cvaporation from a
stationary, stcady-state, evaporating cxtended
meniscus on a vertical flat plate. Miller (1973) studied

the stability of moving liquid-vapor intcrfaces as a
result of phase change. Wayner et al. (1976) used an
¢xtended Clausius-Clapeyron equation to define an
interline heat transfer cocfficient. In 1979  these
concepts were used to model evaporation from
grooves (Holm and Goplen (1979)) . Moosman and
Homsy (1980) uscd perturbation thcory 1o describe the
profile change of an cvaporating cxtended meniscus
relative to the static isothermal profile.  The thermal
rcsistance of the liquid itsclf was included. The heat
flux was found to be a maximum in the transition
region. In the capillary region (for the particular
parameters chosen) the film resistance hindered
cvaporation. In the thin adsorbed film disjoining
pressure hindered cvaporation.  Herein,  film
resistance is neglected; however the fully non-lincar
cquations are numcrically analyzcd; thus the heat
lux may be larger than in the lincarized process
(Moosman and Homsy, 1980).  Furnthermorc in this
work the meniscus nced not terminate in an adsorbed
thin  fiilm.

Studies by Parks and Wayner (1987) and
Mirzamoghadam and Cation (1988) ecxicnded the
literature to include other cffects (e.g. surface shear).
Mirzamoghadam and Catton (1988) considered an
cvaporating meniscus attached to a hcated plate
partially immersed in a liquid pool at various angles.
An approximate integral analysis was cmployed to
study the whole process from the adsorbed thin film
1o the region of natural convection.  Furthermore the
influence of temperature on surface tension was

considered. Like Moosman and Homsy (1980) the
resistance of the meniscus to thermal conduction was
l),
. 7 7
apo
T e g
i i 0
liquid 1 X
Figure 1 Symmetric meniscos hetween wo teed

poris.




included. Das and Gaddis (1987) evaluated the
pressurc distribution near an evaporating contacl
line. Herein, we apply these concepts to a new
meniscus configuration (Fig. 1) which naturally leads
to the evaluation of important new boundary
conditions in the numerical solution of the full non-
lincar equation for an ecvaporating singlc component
fitlm with a constant surface temperature.. The basic
cquations are reformulated sc that a dimensionless
group, Ng, represents the relative importance of
capitlarity to a reference disjoining pressure which,
tn turn, is a function of the substrate superhcat.

2 THEORETICAL BACKGROUND

21 Interfacial mass flux: Schrage (1953) reviewed
the litcrature, and prescnted and discussed Eq. (1)
based on kinectic theory rclating the nct mass flux of
matler crossing a liquid-vapor interfacec to a jump
change in interfacial conditions at the interface:

. M P(v Py
o A 2y
m=C G s (1)
T,V e

The net mass flux across the interface results from a
small vapor pressurc drop across an imaginary plane
at the interface in which Pjy is the cquilibrium vapor
pressure of the bulk liquid at Tyy. and Py is the
cyquitibrium vapor pressure of the reference bulk
liquid at a temperature Ty. Neglecting resistances in
the bulk vapor space. Py and Ty can cxist at a shon
distance from the interface. and a resistance to
cvaporation at the interface can be defined using Eq.

(1), Using T]/2~T”“. this ¢an be rewritten as

m = ) 3, Rr’l/' Py - Py (2)

Wayner et al. (1976) used an extended Clapeyron
cquation for the vuanation of cquilibrium vapor
pressure with temperature and pressure to obtain Eq.
(3)y for the vapor pressure difference in which Pyyy
replaces Py

PyMAh
Pyty - Py = R}lev (T - Ty
._L_\
RT[ P[ ~Py) (3)

in which Ah is the hcat of vaporization of the film
and Vg is the molar volume.

We note that, when anterfacial cffects are important,
the “prescare”, Pf, in the liquid is not neccssarily
cqual to the pressure in the vapor or to its normal
vapor pressure.  For example. the cquilibrium vapor
pressure of a small droplet is not the same as that of a
flat pool of bulk liquid at the same temperaure and
the pressure inside the droplet is greater than the
surrounding  pressure  because of surface tension. The
concept of pressure is further clouded by the concept
of internal pressurc due to cohesion which is
cxtended to include adhesion hercin.  Therefore, Py gy
is uscd to designatc the cquilibrium vapor pressure of
an interface at T}y affected by interfacial forces.

FEquation (3) can be used to calculuic the required
subcooling nceded to achicve cquilibrium between a
curved interface (droplei) and a flat interface when
the vapor pressure is changed by surface tension
Combining Eqs.(2) & (3) gives the interfacial mass
flux as

. M Ah
V/(Py
R PPy (@)

Herein, there are two interfacial cffects that can
cause a pressure jump at the liquid-vapor interface:
capillarity, yK, and disjoining pressurc, 1. A recent
review article (Ivanov, 1988) describing the concepts
15 available. The significance of the disjoining
pressure herein is that the vapor pressure of an
adsorbed liquid film is reduced (complcte wetting
case) by interfacial forces and therefore a
superheated adsorbed liquid film can exist in (vapor
pressure) equilibrium with a bulk liquid at a lower
tcmperature.  For convenience, we will only look at
spreading (zero contact angle) fluids herein and  will
usc the sign convention

P/-Py = 4K - 11

:\ ;
m--2. & 4.

—-<0 (6)
an 8-

6n

[

in which A is thc¢ Hamaker constant, K the curvature.
y the surfacc tcnsion and & the film thickness.

The approximation, n = 3, used in Eq. (6) resiricts the

use of Eq. (6) to thicknesses & < 20 nm (Truong and

Wayner, 1988). Howcver, the numerical examples
presented below demonstrate that this is acceptable
for some cases in which yK becomes dominant before
this thickness.  Further, thc cquations can be
modified for general usc for other cases. It is usclul
to make the mass flux dimensionless using an ideal
mass flux based on the temperature change only:

P Mah
= 172 A .
Ci1 RT) (RTszv) (Tyv - Tyy (T
. T VT
M= S kL (8)

mid =1 MAhAT

with ATo = (Tjy - Ty). Taking M=0.n=3.B=A.K=0in
Eq. (8). the thickaess 8, of a flat adsorbed liquid film
on a superheated surfacc can bc obtained:

-V
8o = (173 (9)

(MahaT o

Restricting the following matcrial to a constant
interfacial tcmperature difference, ATg and defining
a reference disjoining pressure, Mo =

- A8, Eq. (8) becomes




M = l-(yK+l‘l)ﬂb‘ (10)

Using n = 8/8¢ and § = x/xg the curvature, K, for small
interfacial slopes, can be written as

& 8 d?
K_“+(5')2]3/2-8 —x(z) d§2 (11)

Dcfining the paramcter 3 Nc¢ = YSO/noxg with My = 03N
gives

M = 1-3Nen"-n-3 (12)

Eq. (12) gives the reduction in the cvaporation rate
resulting from the effect of interfacial forces on the

vapor pressure. Using aATgo = mAh, this can also be
written as a dimensionless liquid-vapor interfacial
hcat transfer cocfficient:

_gﬂi: 1-3Nen" -q°3 (13)
a

Considerable insight can be obtained from Eq. (12).
Consider two hypothctical meniscii. Each is a
perfectly flat film, onc is deeper (n = 4.6) and one is
shallower (n = 1.0). Each is superhcated: however,
there is no evaporation from the latter meniscus due
1o adsorption. However the evaporation rate from the
former meniscus is 99% of its ideal value. For
curvature alone to prevent evaporation it must be
cquivalent:

| Manaty e
YTy

This follows from Egs. (9) and (10) and the
rcquirement.

22 Fluid Mecchanics: Fluid flow in a curved thin
film is also controlled by the pressure along the
intcrface.  Using the dcfinitions for n, &, xg, Mo and
thc small slope assumption given above lcads to

d 3n Y
K+ = ;—OQ(Ncn -11]‘;) (15)

Using the lubrication approximation, the mass flow
ratc ' per unit width in a slightly tapered liquid film
can be written as

53 dP
R viry (16)

i which v is the kinematic viscosity.

Using Eqgs. (5. 15 and 16) while assuming a constant
pressurc in the vapor gives

83n '
r=""2Nen" -1y (17)
XoV n

from which follows the dimensionless mass flow rate
in the film

B-5

Fxgv

= 3 = Nepdn I,‘L (18)
Using
ar .
dx =M (19
and
. 3
mx>v .
3—2 = =M (20)
A
in which x2 = -A/v mid, with Eq. (12) gives
(% -Nen3n™Y = 1 - 3Nen” - 3 (21

The lefthand side of Eg. (21) represents fluid flow and
the righthand side represents interfacial mass low.

3. RESULTS AND DISCUSSION

31 Numerical:  In principle the descriptive Ey
(21) may be solved as written, howcver, the paramecter
N¢ may be small. In that case the highest order

derivative is multiplied by a small parameter which
crcates numerical difficultics.  This problem was
avoided by rescaling the dimensionless distance. A
ncw distance A is thus defined according 10

1/2 (22)

The transformed diffcrential cquation is

(!nL"l3n"')' = Nel-3n"-nd 23
where the superscript prime now refers to
differentiation by A.

Applying the transformation. Eq. (22). to the
cxpression for the total mass flow rate in the film. Eq.
(18), yiclds

) .
173 (n3n”' - ?]‘) (24

C

i‘:
N

where the superscript prime denotes  differentiation
by A. If the meniscus is symmectric. at the symmetry

planc, A = 0. the mass flow ratc I must bc cqual to zcro
with

n" =0and n =0 (25
Equation (25) provides 11wo of thc necessary four
initial conditions. The values of n and n" al the center

plane are parameters.

n =" A=0 (26)




——

" =% A=0 (27)

These initial conditions are diffcrent from the
corresponding conditions used in previous studies
which considered a meniscus beginning with an
adsorbed. non-evaporating thin film (i.e., n(0) = 1).
First, Gear's method was applied to the differential
cquation (23) and boundary conditions. Egs. (25-27),
for a given value of N¢, but various values of the
initial conditions wecre selected. This allows
comparison of a mcniscus with a smail adsorption
cffect at the origin (Case A, n(0) = 4) to those
previously analyzed with a large adsorption cffect
(Case B. n(0) = 1.02). The dimensionlcss meniscus
thickness profile and dimensionless evaporation flux
profile arc displayed in Figures 2 and 3. These figures
suggest that a cooling device using a meniscus
between two feed ports (Figure 1) with a minimum
adsorption cffect at the centerplanc would provide a
heat flux secveral times larger than a device
cmploying a meniscus which terminates in a thin
adsorbed film. In the case at hand the heat flux is
roughly 8.8 times larger.  This result reinforces the
view that, whercas the adsorption effects are
necessary to keep the film in contact with the
substrate at the origin. they reducc the heat fux.
Further, the pressure gradient is much greater in the
thinner films. In both cases the c¢vaporation rate is
fairly constant. Howcver in case A n'3 is never very
lurge whereas in case B n'3 starts ncar one and
decreases to near zcro.  Thercforc Equation 12 shows
that the curvature will vary wcakly in casc A but
strongly in case B. In case B it incrcases with
increasing A and then decreases slightly.  The
increase is clearly shown by Figure 2.

<
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Figure 2 Dimensioniess plot ol fdm ihickness
versus distance tor iwo ypes ol
meniscus. In Case A ng = 4.0 and n(, =015
whereas 10 Case B oy = 102 and ng, = 000§
In cach case N = 001

A comparison was also devcloped between
solutions having different values of N¢ but the same
values of the initial conditions (dimensionless). These
Jdimensional solutions are shown in Figures 4-6 for
the meniscus thickness, curvature, and heat flux
profiles for the cxample system of n-octanc on silicon
dioxide. The dimensional pressure at the centerplane
is the same in each case. The applicable valucs of the
physical properties and groups arc given in Table I
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Three different values of the Hamaker constant were
assumed because it would rcpresent a major variable
in real systems. The value of the Hamaker constant
has been calculated and measured for octane on SiO2
{Ingram, 1974; Truong and Wayner, 1987]. Due to
contamination (c.g.. an adsorbed water film) and/or a
slightly microporous surface the cxperimental values
have been found to be the lesser. Therefore, the
thcoretical values used in our numerical work which
lead to the variation in N¢ covered this range. The
results in Figure 4 demonstrate how the film starts
thinner with the lower value of the Hamaker
constant. Figure 5 demonstrates that therc is an
increase in the curvature gradient and, therefore the
interfacial mass flux with a dccrease in the value of
thec Hamaker constant. This result can be described

using Eq. (8): as the value of the disjoining pressurc
TABLE |

CASE I 1 m

Al -10-22 -10-23 -10-24

. K 298 298 298

AT, °C 0.00577 0.00577 0.00577

n.;N“—; 5160 (10-7) 5160 (10°7) 5160 (10°7)

. kg/m? 698.2 698.2 698.2

Py. N/m2  1.864 (10%)  1.864 (103  1.864 (103)

80. 10°10m  27.296 12.67 5.881%

N¢ 0.1 0.464 2.154

Y. r% 213 (10°3) 213 (10°3)  21.3 (10°3)

Xg.m 1.98 (10°7)  6.25 (10:8)  1.98 (10°8)

*Note: §g is a reference thickness only and does not

in general represent the exact film thickness.

B-7

and/or the capillary pressure decreases, the
interfacial mass flux increases. The pressure
gradient has a large effect and an increase in the
value of N¢ signifies an increase in the relative
importance of capillarity. Because of the limitation
on the range of validity of Eq. (6) lower values of the
temperatyre difference between the liquid vapor
intcrface and the vapor were used. These lower
values increase the value of N¢. reducing the
meniscus thickness in the transition region (the
transition region bridges the adsorbed thin film
dominated by disjoining pressurc and the capillary
meniscus in which the form of the disjoining
pressure is immaterial). This resulted in lower values
of the heat flux.

In this analysis we neglect various cffects and
simplify others. The tcmperaturc of the vapor liquid
intcrface is tuken 1o be constant. Thus surface stress
duc 10 a variation may be neglected. The accuracy of
the assumption may be checked by calculating the

tcmperature drop through the meniscus
AT
q= k '3‘ (28)

using k equal 0.14 W/mK. Thus a film thickness may
bec found at which this temperature drop is 10 percent
of the temperature diffcrence between the liquid and
the vapor phases. The results for cases I, Ul and 111
are 2760, 2410, and 1380 Angstroms. Thercfore, the
film rcsistance is apparently ncgligible for a
meaningful portion of the capillary mcniscus.
However, we note that these cases were not chosen to
optimize the heat flux, but to add insight to the
phenomena. Other assumptions include lubrication
flow, and the form of disjoining pressurc. Thus the
meniscus must be fairly flat and disjoining effects
must be negligible where it is thicker than 200
Angstroms. Cases Il and III satisfy the latter
restriction but Casc 1 is borderline. It is included (o
illustrate the trend. Another modcl is nceded for
thicker films (Truong and Wayner, 1987).
32 Additional Analytical Discussion

The model of Wayner ct al. (1976) is hercin
cxtcnded to include capillary cffects. The results may
be compared in the adsorbed thin film portion of the
mcniscus. Here both modcls have analytical solutions
which are only valid if

Pi-P
n = | and —ln—": 1 (29)
0
The isothermal model of Renk et al., (1978) also has an
analytical solution, subject to the same conditions. In
cach of thesc threce cases we impose the boundary
condition

Our result for the present model was devcloped
with Eq. (21) and is

ns 1+acNel/2 b oty3 an




——_—‘

P,_.p -

s N VL (32)
Q

Pz 3V3 bl - Noye§V3 (33)

where a and b arc arbitrary constants.

The model of Wayner et al. (1976) also gives the
same results as Egs. (21), (31, (32). and (33) with the
paramceter "a" equal to zero, N¢ sct cqual to scro in Egs.
(22) and (33). and "b" replaced by a diffcrent
arbitrary  constant, B The non-evaporating meniscus
(Renk et al.. 1978) has an adsorbed thin film as well
and its governing cquation may also be analyzed. The
governing cquation is given by setung the righthand
side of Eq. (21) equal 10 rero (this tollows from Eq. (12)
and the fact that there 15 no evaporation from an
isothermal meniscusy. Our result is Egs. (31)-(33) with
“b" oequal zero and Ca" repiaced by a different
arbitrary constant «.

In the carlicr model of Wayner et al. (1976)
capillary cffects were 1gnored. Therefore we expect
this model 1o perform best 1f the paramcter Ngois
gl In that case the present solution for n will
always be equal to the previous soluton for m - 1
sutliciently small because the first cxponential term
i Eq. (31)  may be ncglected in favor of the sccond
term if 3 is sufficientdy negative.  Of course the more
negative § s, the closer nis io 1. Under these
conditions, the solution tor pressure and mass flow
are almost identical.  The old solution s merely
corrected by a term propornenal to Ne. According 1o
this result, the effect of capillarity s found 1o shightly
reduce the pressure and the mass flow,

In gencral, however, the previous model and
present model agree more or less Jepending on the
ratio of a/b which is not a function of N¢.  The details
ol the comparison arc beyond the scope of this paper.

4. CONCLLUSION

Herein, we have demonstrated the effect that
pressure and temperature can have on the heat
transfer charactenstics of the contact hine.  The
cifect of interfacial forces on the pressure ficld are

modeled using the Hamaker constant (6xA), surface
tension, thickness, and curvature. At a given
temperature. the pressure ficld affects the vapor
pressure and thercfore, the evaporaton rate.  In the
test calculations, the cvaporation rate was increased
by dccreasing adsorption Since wce arc cvaluating
the cffects of both long range liquid-solid
intcrmolecular  forces and  liquid-vapor interfacial
tension the importance of these results naturally
increases as the systcd becomes smaller.
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